Introduction
============

Ionizing radiation is widely used in medicine for both therapeutic and diagnostic purposes. In particular, radiotherapy is one of the main cancer treatment strategies used for more than 50% of all cancer patients (over 14 million in 2012) [@B1], [@B2], whilst X-ray based diagnostics account for \>65% of all imaging modalities [@B3] with over 70 million CT scans performed in the US alone in 2007 [@B4], [@B5]. Despite the undisputed advantages, exposure to ionizing radiation is also associated with health consequences owing to the inevitable radiation dose delivered to healthy tissues. In the past two decades world-wide research efforts have been focused on developing strategies to optimize the efficacy of radiotherapy and improve the imaging contrast and diagnostic power of radio-diagnostics. Supported by early studies from the 1970s and 1980s [@B6]-[@B9], showing that X-ray contrast agents exhibit dose enhancing effects during a course of radiotherapy, use of high-Z materials represent a very promising option for both radio-sensitization of tumours in radiation treatment and contrast enhancement in diagnostics [@B10], [@B11]. Recent achievements in nanotechnology have made it possible to manufacture a wide range of nano-products, which can be used for driving forward innovative cancer treatments and diagnostic strategies. Particular interest has been focused on gold nanoparticles (Au-NPs) due to their high atomic number (and therefore contrast with soft tissues), small size, natural preference to accumulate in tumours, biocompatibility, low toxicity, relatively easy synthesis and capability to bind with functional moieties within biological target [@B12]. All these features made Au-NPs highly desirable in various applications, including imaging [@B13], targeted drug delivery [@B14] and radiotherapy [@B15]. Several studies have demonstrated *in vitro* and *in vivo* NP radiation enhancement effects [@B16], [@B17]. However, translation of such findings into clinical practice has been hampered by the fact that the exact mechanism of sensitisation is not yet fully understood. This poses a problem in terms of both accurate treatment planning for radiotherapy comparable with existing practice and evaluating the long-term radiation risks of using nanoparticle contrast agents. According to classical models, radiosensitisation has mainly been attributed to physical dose enhancement occurring at kilovoltage (kV) photon energies. This is due to strong photoelectric photon absorption by high-Z materials,with a subsequent cascade of low energy photoelectrons and Auger electrons [@B18]. However, these electrons have a very short (nm-µm) range in tissues and can deliver high doses in the NP immediate vicinity, [@B19] this alters the quality of the incident radiation, causing [@B20] complex patterns of ionization which ultimately results in lethal damage to cells. In parallel, there has been an increase in the number of reports indicating the impact of nanoparticles on cell cycle, metabolic activities and DNA repair pathways with consequent repercussion on the cellular radiation response. As such, the resulting overall radiobiological effects are likely to depend on a complex range of physical, chemical and biological parameters [@B21] such as nanoparticle size, material, charge, coating, reactive radical production, cellular uptake, turnover, cell cycle etc. Current models for the various physical, chemical and biological enhancements of radiation effects in the presence of NPs have been reviewed in detail by Her *et al.*[@B21]. Precise and accurate experiments are still required to generate high-quality and reproducible data to test these models and formulate new hypotheses. Such experiments will provide a more complete understanding of the mechanisms affecting the radiobiological response of tissue and cell systems treated with nanoparticles. In spite of numerous publications related to the use of NPs with radiation, the literature is lacking guidance on systematic and rigorous methodologies suitable to evaluate the effectiveness of NPs and/or directly compare the studies undertaken by different groups. This is particularly crucial when considering the large range of experimental systems and NP parameters available, such a range provides a great deal of complexity and difficulty in identifying ideal NP designs and formulations when attempting to optimise their clinical application [@B20]. Although the techniques used may be well established and commonly used assays, their adaptation to NP and radiation-related investigations and, moreover, the quantification of the NP induced effects is not always straightforward. Having a comprehensive list of procedures and clear directives on the quantification and comparison methods used to evaluate radiation enhancement owing to the application of NPs would help the nanoparticle and radiobiological community to gain a better understanding of NP-mediated effects and accelerate the translation of NP studies to the clinical stage. Moreover, the size, shape, clustering properties and surface chemistry of the nanoparticles play a critical role in bio-distribution, targeted binding and clearance of the nanoparticles from the body [@B22].

Previous reviews have focused on summarising NP data obtained as a function of different experimental conditions [@B23], clinical potentials of NP based strategies [@B24] or key parameters regulating radio-sensitization [@B21], [@B25] and highlighting the pathways to possible clinical implementation [@B20]. We reviewed 98 papers published between 2002 and 2015 on *in vitro* nanoparticle studies with ionizing radiation to report the approaches used to assess and quantify the radiobiological impact of high-Z NPs. A wide range of assays and quantification methods have been used, often with confusing terminology, and not always in line with available international recommendations. The lack of standardization is partially responsible for the slow transition of NP strategies to clinical applications. This review therefore aims to highlight potentials and shortcomings of the methodology used and it is expected to contribute to the standardization of pre-clinical radiobiological studies with NPs.

Measurement of NP radiation-enhancement effect
==============================================

Cell survival
-------------

The most widely used technique in radiobiology to study the effectiveness of a treatment is the clonogenic (or colony formation) assay which was first developed almost 60 years ago by Puck and Markus [@B26]. This *in vitro* technique allows assessment of the cytotoxicity of radiation by testing the ability of a single cell to grow into a colony, i.e. to undergo continuous proliferation. The cell is considered radio-biologically dead if it has lost its reproductive viability to produce progeny [@B27]. This type of assay has developed into the most extensively used technique for evaluating the radiation sensitivity of different cell lines and it is considered the "gold standard" for radiation response. Conventionally, the outcomes of colony formation assays are presented as so-called survival curves representing the survival fraction (SF), i.e. the number of colonies that are formed after treatment, as a function of radiation dose (D) [@B28]. Alternative methods for estimating the survival fraction have been developed using cell viability tests such as the methyl-thiazol-tetrazolium (MTT) assay and the trypan blue exclusion test. Validation and limitation of such methods for radiobiological applications have been extensively discussed [@B29], [@B30] in the literature and the same arguments as for the colony formation assay apply for NP investigations.

The experimental curve of the survival data is generally fitted with a linear-quadratic (LQ) model, which is given by:

where SF is the fraction of surviving cells, α and β are linear and quadratic parameters of the model, respectively and D is the radiation dose delivered. Although the linear-quadratic model is currently the most widely used model to describe the cell survival curve, it must be pointed out that alternative models are also employed [@B31]. Detailed discussion on the theoretical and experimental models used to describe the survival curves is beyond the scope of this review, but where necessary, reference to specific models will be made to discuss the quantification methods adopted.

Approaches to quantify NP radiation enhancement effects from clonogenic survival data
-------------------------------------------------------------------------------------

In order to provide a comprehensive understanding of the dose-response relationship resulting from a modifier (such as the application of NPs to biological systems) it is necessary to gather a full set of dose response data for the reference and the modified systems. According to ICRU Report 30 [@B32], when clonogenic survival data are available and the two curves are not directly proportional, the entire curve needs to be taken into account in order to quantify the effect of the modifier.

Enhancement quantification in terms of mean inactivation dose (*MID)*
---------------------------------------------------------------------

The use of the Mean Inactivation Dose (MID) offers a possible method for quantifying the differences between survival curves through a single parameter whilst taking into account the whole survival curve. The concept of MID was first introduced by Kellerer and Hug [@B33]. The authors proposed that the survival fraction as a function of dose, SF(D), can be considered as an integral probability distribution. SF(D) would therefore represent the probability that a dose larger than D is necessary to inactivate a cell which has been randomly selected from the population. Mathematically, MID is calculated simply by estimating the area under the survival curve [@B34]:

MID =

Adoption of the MID concept has several advantages: (i) it is representative for the whole cell population; (ii) it minimizes the fluctuations in the survival curves and (iii) it takes into account the whole survival curve. Therefore, MID appears to be a useful concept for specifying intrinsic radio-sensitivity of biological cell systems [@B35] and is endorsed by ICRU Report 30 [@B32].

As a result, several authors quantified the radiobiological impact of NPs by calculating the ratio of MIDs of non-exposed cells with nanoparticle exposed cells [@B16], [@B36]-[@B40] and called this quantity sensitizer enhancement ratio (Figure [1](#F1){ref-type="fig"}A) for a given nanoparticle concentration (SER~NP~).

where the subscripts *Cont* and *NP* refer to nanoparticle and control (i.e. radiation alone) survival curves, respectively.

Both Jain *et al.* [@B16] and McMahon *et al.* [@B37] investigated radiosensitizing effects of Au-NPs for 6 and 15 MV photon irradiations and used the MID concept to quantify the effect. In both studies, the linear-quadratic model was used to fit the experimental data and calculate MIDs and SER. When adopting the LQ model for fitting the experimental data the SER can be expressed in an analytical form by solving the integrals (given by equation (2)) as

Enhancement quantification in terms of alpha and beta parameters
----------------------------------------------------------------

More generally, the linear (*α*) and quadratic (*β*) parameters from the LQ model could be used to characterize the nanoparticle enhancement effect. Although these parameters are usually reported in the majority of the NP radiobiological studies [@B36], [@B41]-[@B44] not all of them discuss qualitatively or quantitatively the difference in *α* and *β* for irradiations with and without NPs. McMahon *et al.* [@B44] have identified significant increases in *α* (and little or no change in *β*) as a function of NP concentration, unlike Jain *et al*. [@B16], where an increase in both *α* and *β* components of the LQ curve was observed for an increase of NP concentration. Although the LQ model is phenomenological, the alpha parameter is generally associated with the formation of complex lethal DNA damage whilst the beta parameter indicates sub-lethal lesions. Conclusions from the changes in biological effectiveness and the mechanisms underpinning it could therefore be drawn from analysing the variation in the alpha and beta parameters for the control and the NP related survival curves. This is particularly the case if the role of NP concentration and cellular uptake is to be addressed.

Finally, the *α/β* ratio is a widely used parameter in radiotherapy to indicate the intrinsic radio-sensitivity of samples. On the assumption that NPs interfere with the cellular repair processes, evaluation of the change of the *α/β* parameter would be useful for quantifying the radiobiological impact of specific NPs. Change in the *α/β* ratio would indicate any radio-sensitivity changes of the system as being induced by the NPs. Currently, this approach has not been adopted by any investigation.

Enhancement quantification in terms of Dose Modifying Ratio (DMR~x%~)
---------------------------------------------------------------------

The ICRU Report 30 also suggests the Dose Modification Ratio (DMR) as a parameter to quantify differences between survival curves (Figure [1](#F1){ref-type="fig"}B). This is defined as the ratio of the dose under reference conditions to produce the same effect (x%):

It is essential to note that the DMR may be dependent on the effect and it would still require a full set of survival data and use of a cell survival model to fit the experimental data. Although DMR offers a conceptual straightforward link between biological effect and dose absorbed, the same effect might be produced by different mechanisms despite significant differences in the overall survival curves. As cell survival is the end result of a complex sequence of biological and chemical changes, it is recommended to report the DMR at more than one survival level together with all the other factors that may modify dose dependence for the reference and test conditions [@B32], in order to provide an effective quantification of the radiation response changes. When two dose responses are related by a constant factor on the dose scale, dose modification ratios are independent of the effect and the DMR is then specified as dose modification factor (DMF).

The DMR concept has been commonly used in the reviewed literature [@B17], [@B41], [@B42], [@B45]-[@B50]. However, there are vast discrepancies in the terminology, the effect adopted and the calculation methods. For instance, Kaur *et al.*[@B50] and Chithrani *et al.*[@B17] calculated DMR at 90% and 10% level, respectively, and called it radiosensitivity enhancement factor (REF) whilst Jeynes *et al.* [@B47] used the 50% level and named it sensitizer enhancement ratio (SER) and Chattopadhyay *et al.* [@B46] adopted the 10% level but referred to it as dose enhancement ratio (DER). In all cases, the LQ model was used. Please note that the terminology used in literature is not consistent and various groups use the same terms to describe NP-mediated effects which are actually defined in different ways.

The choice of survival level for the DMR calculation is arbitrary and it is usually between 10% and 90% as these usually represent situations of practical interest where either small or large effects of radiation are expected. From a statistical point of view, considering that uncertainties for measurements of small levels of survival (large number of cells are usually used for these measurements) are usually smaller than for higher survival levels, the overall uncertainties related to DMR~10%~ are expected to be smaller than those for DMR~90%~. It must be noted that the vast majority of the studies only report DMR for a single survival level.

DMR at the 2 Gy survival level (SF~2~)
--------------------------------------

Previous studies [@B51], [@B52] have shown that the initial slope of the survival curve (rather than the final slope) correlates well with clinical outcomes. This initial region of the survival curve is considered to be best characterized by the survival level at a dose of 2 Gy, known as SF~2~. 2 Gy represents also the typical individual dose of conventional radiotherapy fractionation delivery. Therefore, some authors [@B43], [@B53] investigating efficacy of nanoparticles in *in vitro* have used this quantity to estimate the survival level at which to calculate the DMR. Although less common, using such an approach, a Dose Enhancement Factor (DEF) (Figure [1](#F1){ref-type="fig"}C) has been defined as the ratio of doses which lead to the same levels of cell survival as a particular dose delivered to the control sample (e.g. 2 Gy).

DEF

xGy

= dose of x Gy (no NP)/dose required to produce in test samples (with NP) the same SF as in control with x Gy

Although the majority of studies calculating DEF have used the 2 Gy dose, some investigations have used the level of cells surviving an acute dose of 3 Gy (SF~3~) [@B54]-[@B56], 4 Gy (SF~4~) [@B36], [@B56], [@B57] and 8 Gy (SF~8~) [@B56], [@B57]. None of the authors justified their choice of the selected dose level for calculation of the dose enhancement factor. However, Taggart with her colleagues [@B56] presented a set of DEFs for various dose levels warning about the wide range of obtainable results. The DEF so defined is essentially a special case of the DMR in which the effect level is not arbitrarily chosen but calculated for the control samples for a dose of specific interest. The main advantage of this approach is represented by the selection of a specific dose of interest to evaluate the effect of NPs in well-defined scenarios. This approach therefore deals exclusively with physical quantities making the analysis applicable to all those cases where there is no natural selection of the effect level which may involve complex procedures or even some subjectivity. On the other hand, studies reporting DEF at various survival levels clearly show the strong dependency on the dose levels, advocating the use of multiple doses to provide a more comprehensive picture of the radiobiological effect of nanoparticles.

Radiation enhancement factor (REF) using the multi-target model
---------------------------------------------------------------

An alternative method for quantifying the radiobiological effect of NPs is offered by the adoption of the multi-target model, which was developed in the attempt to precisely address the straight portion of the high dose region of the survival curve and is given by the following relation:

This model describes the slope of the survival curve by *D~0~* (the dose to reduce cell survival to 37% of its value at any point on the final near exponential part of the curve) and the extrapolation number *n* (a measure of the width of the shoulder). Using the multi-target single hit (*n*=1) model, Cui *et al.* [@B58] defined the radiosensitivity enhancement factor (REF) (Figure [1](#F1){ref-type="fig"}D) as the ratio of the*D~0~* parameters for the NP and control exposures:

Interestingly, in the evaluation of such radiation enhancement factor, the parameter related to the reference radiation appears at the denominator, contrary to DMR and the previously discussed methods. The main advantage of the REF appears to be in the evaluation of the NP effect for high dose levels, with the multi-target model providing a better description of experimental data compared to the linear-quadratic model. To date, such approach has only been adopted by Cui *et al.*[@B58].

Radiation enhancement ratio (RER)
---------------------------------

For historical reasons and for the lack of a unified common effect scale to characterize radiation effects, virtually all radiobiological concepts have been defined on an iso-effect basis using the ratio of doses (well defined for all radiation types) rather than on an iso-dose basis which would require the ratio of the effects. Despite this, many authors have found it useful to characterize the radiobiological effect of NPs by comparing the different levels of effects following a given radiation dose. The Radiation Enhancement Ratio (RER~xGy~) (Figure [1](#F1){ref-type="fig"}E) has therefore been defined as the ratio of survival fractions without and with NPs for a specific dose:

Although this parameter so defined is limited to cell survival studies, it has the benefit of directly portraying the amount of variation of the biological response caused by the NPs at a specific dose level. Such approach requires an accurate determination of the dose absorbed in the presence of NPs and assumes no change in the radiation quality. For the same considerations mentioned for the DMR~x%~, RER~xGy~ at multiple dose levels should be reported for a comprehensive evaluation of the effect of NPs. RER~xGy~ has been reported in literature either as sensitizer enhancement ratio (SER) or dose enhancement factor (DEF) [@B54], [@B55], [@B59]-[@B61].

The overview of up-to-date NP-mediated enhancement factors used in literature in clonogenic studies is given in Table [1](#T1){ref-type="table"}.

Cellular radiation response strongly depends on the cell cycle stage in which the cells are exposed and their ability to repair the initial radiation damage through complex DNA repair and metabolic pathways. Owing to their size and chemical composition, NPs can be considered as chemical agents altering the cellular functions including progression through the cell cycle an effect which has been reported in several studies [@B66]-[@B69]. Despite this, only a minority of radiobiological studies [@B16], [@B70], [@B71] have included changes in the cell cycle due to NPs in their quantification of the radio-sensitization as well as investigations of the underpinning mechanisms, as indicated in Table [2](#T2){ref-type="table"}. The methodology for assessing and quantifying the distribution of a cell population through the cell cycle is well established and it is mainly centred on flow cytometry analysis. As such measurements are not specific for radiobiology or NP studies, they will not be covered in this manuscript, but the reader is encouraged to refer to the work of Wilson [@B72] for technical details.

Uptake and intracellular localization of high-Z nanoparticles
=============================================================

A critical step in high-Z NP radiobiological studies includes quantifying the number of nanoparticles (or amount of material) taken up by cells and tissues. The importance of which has been highlighted by several publications [@B37], [@B41], [@B73], [@B74] showing how various cell lines exhibit different assimilation properties both in terms of total amount of NPs and rate. Considering the underlying mechanisms responsible for the NP-mediated radiation effect enhancement, as discussed below in the reactive radical and Monte Carlo sections, it is likely that the differences in the radiation effect enhancement reported between studied cell lines are down to different concentrations and localization of NPs present in the cells at the time of irradiation. Inductively coupled plasma (ICP) techniques coupled either with atomic emission spectroscopy (ICP-AES) or mass spectrometry (ICP-MS) are currently the "gold standard" in measuring the amount of nanoparticles residing in cells [@B75]-[@B77]. It has been demonstrated that combining ICP sources with MS or AES provides high sensitivity and a robust tool for elemental analysis and it is widely used. OES-optical emission spectroscopy and AES-atomic emission spectroscopy effectively represent the same method and technology used for elemental analysis and these names are used in literature interchangeably. The ICP techniques use electromagnetic induction to produce an argon plasma whose temperature can range from 6000 K to 10 000 K, which is enough to break most molecular and ionic bonds of the sample. For ICP-AES, the sample atoms are excited in the plasma chamber and a spectrometer is used to resolve and quantify the electromagnetic radiation emitted by the various ions. In the ICP-MS, the sample is atomized and ionized in the plasma chamber and the mass-to-charge ratio is obtained for each ion using a mass spectrometer. Although both methods (i.e., ICP-MS and ICP-AES) are well-suited to determine the concentration of nanoparticles, ICP-MS is about three orders of magnitude more sensitive than ICP-AES. The accuracy of the ICP-MS and ICP-AES analysis is 0.5-3% and 3-5% relative to the reported value, respectively [@B78]. Several authors have used these techniques for NP studies expressing either the number of nanoparticles per cell [@B36], [@B37], [@B59], [@B71], [@B79]-[@B81] or the amount of material per cell [@B41], [@B63], [@B73] (see Table [2](#T2){ref-type="table"}). Although it is straightforward to convert the material mass into number of NPs, this requires accurate information about the size and elemental composition of the NPs and assumes a uniform distribution.

Several groups [@B74], [@B85], [@B86] have also taken a step further and carried out theoretical (Monte Carlo and analytical) investigations in the attempt to correlate radiation effect enhancement with intracellular localization of high-Z nanoparticles. These studies provided useful insight into choice of nanoparticle material, size, and sub-cellular targeting location in order to achieve maximum efficacy in NP-enhanced radiation dose and demonstrated that the distribution of NPs within cells plays a paramount role in radio-sensitization. It is, therefore, important to address this aspect experimentally and develop methods for quantifying NPs in sub-cellular organelles. Microscopic methods are the most commonly used techniques to identify the subcellular location of nanoparticles. Optical microscopy, however, does not provide sufficient resolution due to the inherent limits of this technique and the majority of studies have employed transmission electron microscopy (TEM) (Table [2](#T2){ref-type="table"}). It must be noted that this method has been used to provide solely qualitative information as only a limited number of images are usually collected and analysed. In order to provide statistically relevant quantification with TEM a large, randomly chosen, number of images should be recorded and analysed.

Production of reactive oxygen species
=====================================

The biological effects of radiation result principally from damage to the cell\'s DNA damage which (in mammalian cells) arises from either direct or indirect effects. When ionising radiation is absorbed in biological material, there is a possibility that it will interact directly with the DNA in the cells. The atoms of this target itself may be ionized or excited (direct action), initiating the chain of events that leads to a biological change. However, as the majority of the ionization events occur in water molecules, the indirect action of radiation mediated mainly by reactive oxygen species (ROS) is the leading effect of DNA damage, [@B87] especially for low LET radiation [@B47], [@B88]. ROS is a collective term for different reactive molecules and free radicals derived from molecular oxygen. The most common ROS include hydroxyl radicals (^•^OH) (which contribute to 60% - 90% of all DNA lesions [@B89]), singlet oxygen (^1^O~2~), superoxide anions (O~2~^-^) and hydrogen peroxide (H~2~O~2~), all of which are more reactive than oxygen (O~2~) itself.

It has been demonstrated that metal salts and metal ions, such as certain NPs with reactive sites on their surfaces, can induce oxidative stress through generation of ROS [@B90]-[@B94]. On the other hand, some nanoparticle coatings, such as derivatives of thiols or citric acids, are well-known hydroxyl radical scavengers [@B95], [@B96] which can contribute to maintain an optimum physiological level of ROS in the cells. Moreover, the NPs may interact directly with the incoming ionizing radiation or any of the intermediate chemical products to alter the final spectrum and yield of ROS. Initial models of NP-mediated effects of dose enhancement in cells accounted only for the physical dose increase and, more recently, the localised effect of a cascade of Auger electrons. The mechanisms for ROS generation may be different for each NP type and to date the exact underlying cellular mechanism for ROS generation is not fully understood. A thorough understanding of the ROS production associated with NPs is critical in order to address the mechanism underpinning the biological response, as is an adequate methodology to accurately and reliably measure the yield and spectrum of ROS.

There are several techniques that can be employed to evaluate the level of ROS. The most common tests are colorimetric methods and fluorescent or chemiluminescent dyes (e.g., 2\',7\'-dichlorodihydrofluorescein-diacetate (H~2~DCF-DA)). J.F. Woolley *et al.* [@B97] provided a table detailing the different aspects of the \'ideal\' fluorescent ROS detecting probe. This includes vital properties such as membrane permeability, bio-orthogonality and non-toxicity of the probe, signal-to-noise ratio and an effective chemo-selectivity in order to avoid cross-reactivity and ambiguity of the type of ROS involved in the reaction. One of the difficulties with the reaction rate involving these fluorescent probes, is that the dyes are in competition with the various antioxidant enzymes in the cell. Therefore, the quantitative information gleaned from studies utilizing fluorescent probes should be carefully analysed, taking into account this confounding factor. More information on current advances in ROS detection are available in the literature [@B97]. This review will focus on the quantification of the changes caused by the presence of NP in the irradiated samples.

In-cell fluorescent assays
==========================

Measurement of hydroxyl, peroxyl and other ROS activity in cells is generally performed with fluorogenic or chemiluminogenic substances, which serve as hydrogen donors. Several probes have been investigated and used for in-sample measurements of ROS and/or oxidative stress following exposure to ionizing radiation [@B97]. The most extensively used are DCFH and H~2~DCF [@B98]-[@B100], which have also been employed for NP studies [@B101]; these compounds are usually applied through the cell culture medium and rapidly taken up by the cell. Oxidation of the compound molecules by ROS converts the probe molecules to a fluorescent product with high fluorescence quantum yield that can be easily monitored by several fluorescence-based techniques, including confocal microscopy and flow cytometry. Such assays can provide an assessment of level of oxidative stress by evaluating the relative yield of ROS for the studied *in vitro* system compared to its control. However this technique does not provide an absolute quantitative measurement of ROS.

With respect to NP studies, Pujalte *et al.* [@B94] reported the change in the ROS yield in terms of % of control by evaluating the ratio of the fluorescence signals (measured as peak fluorescence for the specific excitation and emission wavelength of the dye used acquired through a fluorimeter) from the NP treated and control samples following exposure to known doses of radiation. On the other hand, Klein *et al.* [@B102], [@B103] evaluated the relative fluorescence intensity by integrating the whole emission spectra acquired on a spectro-fluorimeter. The fluorescence intensity values of different NP exposures were then related to those obtained from fluorescence measurements of cells in the pure culture medium and specified as % increase of fluorescence. Furthermore, Geng *et al.* [@B81] detected fluorescence intensity under confocal microscopy and analysed the images by plotting 3D surface plots of the fluorescence and calculating the peak volume intensities and the cellular cross-sections. The mean increase in fluorescence intensity was defined as a peak volume of the fluorescence divided by the cell cross-section area and normalized to the control images.

It must be noted that in order to assess the change in radiation induced ROS yield caused by the presence of NPs, multiple controls are usually required. The intensity from irradiated samples treated with NPs will have to be compared to NP-treated but non-irradiated samples and related to the intensity variation for irradiated versus non-irradiated samples (i.e. changes due to irradiation alone). Relative changes in the ROS production should therefore be quantified as fluorescence intensity ratio (FIR):

where *I~NP+Irr~* refers to the intensity of irradiated samples treated with NPs, I~NP~ is the intensity of non-irradiated samples treated with NPs, *I~Irr~* and *I~Cont~* is the intensity for non-NP treated irradiated and control samples, respectively. As shown in Table [3](#T3){ref-type="table"}, the main discrepancy between the ROS measurements with NPs using fluorescence assays is related to the fluorescence measurement itself. Depending on the aim of the study, the effect of NPs is generally evaluated through the ratio of the intensities, making this approach suitable for relative measurements (under appropriate experimental conditions) but with severe limitations with regard to absolute change in ROS and comparison of different NP products and experimental conditions.

Susceptibility of in-cell ROS assays
------------------------------------

Assays for measuring ROS possess certain weaknesses, particularly a susceptibility to numerous artefacts resulting from sample preparation or from the analytical method itself. Organic solvents which are used to dissolve the test compounds, such as dimethyl sulfoxide (DMSO) or ethanol bring difficulties that all tests have in common. Namely, DMSO and ethanol are powerful hydroxyl scavengers [@B47], [@B104], which could lead to an underestimation of the amount of ROS produced. Additionally, it is vital to evaluate the impact of the test compounds as the results can be altered by changes in intermediate reactions taking place in the culture media that may lead to under- or overestimation of oxidative stress [@B99]. Another problem in ROS measurement through fluorescence techniques is the loss of signal, correlated with the photobleaching effect [@B105], [@B106]. The photobleaching effect plays a less significant role in relative quantification of ROS production, when the oxidative stress is expressed as a ratio of the effect in the studied and control system, therefore the effect itself cancels out. Additionally, fluorescence techniques can suffer from problems associated with detection technique itself such as non-linear response of the sensor (e.g. microscope cameras). The detailed description of the factors affecting quantitative accuracy of fluorescent measurements is outside the scope of this review but interested readers can find more information elsewhere [@B107]-[@B110].

There are several other practical drawbacks related to ROS quantification in the presence of NPs. First of all, the assumption that NPs do not change the chemical behaviour of a probe might not be correct as interactions among NPs and colorimetric and fluorescent dyes have been shown to lead to inaccurate absorbance and fluorescence measurements [@B111]. It is also well-known that various probes have affinity to specific oxygen species [@B112]. However, very few chemical probes are highly specific to a particular ROS, i.e. most of the probes interact with a range of radicals, and therefore the presence of NPs can alter the yield and spectrum of ROS while the probe response remains unchanged. Additionally, it is important to note that the chemical probe needs to be taken up by the cells, therefore it is necessary to establish whether NPs interfere with the probe uptake prior to carrying out experiments. As a result ROS measurements employing chemical probes need to be applied with a particular care and are not likely to be used in a quantitative manner. More details on ROS sensors focusing on nanoparticle applications can be found here [@B113].

Coumarin assay
--------------

Coumarin-3-carboxylic acid is a non-fluorescent organic chemical compound (C~10~H~6~O~4~) which upon interaction with OH radicals (as generated through radiation exposure) converts to 7-hydroxyl coumarin-3-carboxylic acid (among other products) which is a highly fluorescent substance. The interaction of coumarin with the hydroxyl radicals is a single step process which does not require additional catalysts. The intensity of the fluorescent irradiated solution is proportional to the number of hydroxyl coumarin molecules which is related to the yield of OH produced and therefore the dose delivered. Coumarin has already been suggested as a possible dosimeter in both bulk solutions and biological samples, indeed a few studies have characterized its performance as a function of common radiation parameters [@B116]-[@B118]. The coumarin has a high selectivity for OH radicals, its sensitivity and dose linearity across a wide range and moreover its compatibility with NPs (it does not induce aggregation) make it an ideal probe for assessment of the impact of NP on the radiation induced OH yield.

Quantification of OH produced in the presence or absence of NPs is possible through the use of a G-value, i.e. the number of moles of OH radicals produced per joule of radiation energy deposited in the sample solution. This approach allowed quantification of the OH production from irradiated samples containing NPs and thereby enabling comparison across different studies and validation of models.

The protocols [@B73], [@B119], [@B120] involve absolute calibration through use of a pure fluorescence coumarin product (7OH-coumarin) and estimation of the change in the coumarin-OH regioselectivity owing to the different type and concentration of NPs. Sicard-Roselli *et al*. [@B119] estimate this change in the coumarin response by back extrapolation through different concentrations of NPs. It is also important to take into account the possible quenching of the coumarin signal by the presence of NPs. When possible [@B73], this can be accomplished by simply removing the nanoparticles from the coumarin solution through centrifugation just before the readout stage. As an alternative approach, Sicard-Roselli *et al*. [@B119] used gold nanoparticles (32.5 nm diameter) synthetized by reduction through the tri-sodium citrate method. Such nanoparticles can be removed from the coumarin solution by inducing aggregation and precipitation through 1% (w/v) NaCl. Removal of NPs through centrifugation or NaCl is, however, not always feasible or practical (depending on the NPs coating and size) and alternative strategies might be necessary for using such methods for a wider range of NPs. These methods potentially include estimation of the coumarin quenching factor by NPs and consequent correction of the readout signal.

Use of the coumarin assay has highlighted the significant impact that NPs can have on the OH production, and when used in combination with cellular experiments [@B73] can be a powerful method to investigate the mechanisms for NP radiosensitization. According to Cheng *et al.* [@B121], the OH reaction yield can be enhanced by more than 3 orders of magnitude although this strongly depends on the chemical properties of the NPs and their functionalization shells [@B120]. Interestingly, using the coumarin method, Sicard-Roselli *et al.*[@B119] postulated three separate pathways for the production of OH radicals by ionizing radiation in the presence of NPs. This represents a development from previous models that only consider interaction of primary and secondary radiation from NPs with water molecules, but neglect the catalysis-like mechanism at the water-nanoparticle interface.

DNA damage
==========

DNA is constantly subjected to damaging agents. DNA damage has been identified as a key element regulating radiation response. The impact of nanoparticle-mediated DNA damage needs to be addressed in quantitative and mechanistic studies. Several authors have compared the radiation-induced DNA damage in the presence or absence of nanoparticles. A number of strategies such as differential plasmid DNA migration on agarose gel electrophoresis, comet assay and immunostaining for γ-H2AX and 53BP1 *foci* have been reported to detect DNA damage. However, not much work has been done in order to establish quantities defining nanoparticle enhancement employing DNA damage assays.

Comet assay
-----------

The term \'comet assay\' (single-cell gel electrophoresis) was first given by Olive *et al.* [@B122]. These assays provide information on the alteration of DNA following cell irradiation and are based on quantification of the denatured DNA fragments migrating out of the cell nucleus during electrophoresis. Several different attempts have been made to evaluate and quantify comet formation patterns, and a variety of commercial and freeware computer programs are available for assessing the resultant images. Most commonly, the distance of DNA migration from the body of the nuclear core is used to measure the extent of DNA damage when dealing with relatively low damage levels. However, this technique is not very useful in situations where DNA damage is relatively high, as with increasing extent of DNA damage the tail increases in intensity but not in length. The most accredited scoring method for comet evaluation is referred to as \'tail moment\'. The concept of tail moment (calculated as tail length) as a measure of DNA migration was introduced by Olive *et al*. [@B123] and incorporates relative measurements of both the smallest detectable size of migrating DNA (reflected by the length of the comet tail) and the number of broken pieces of DNA (represented by the staining intensity of DNA in the tail). A tail moment, which is related to the number of DNA damages, is defined as the product of the percentage of DNA in the tail by the displacement between the head and the tail of the comet [@B124].

Miladi*et al.*[@B125]*,*investigated the radiosensitizing effect of gold nanoparticles coated with gadolinium (Au\@DTDTPA and Au\@DTDTPA-Gd) which have been incorporated into the U87 cell line through single-cell gel electrophoresis comet assays. The group demonstrated a significant increase in the mean tail moment for cells incubated with Au-NPs with escalating dose. The mean tail moments of samples were compared to those of the control groups (i.e. irradiated cells without incubation in nanoparticles and non-irradiated cells only incubated with NPs). Using a similar protocol, Mowat *et al*. [@B63] showed that for the same cell line and for various concentrations of Gd-based particles, the mean tail moment is greater than that obtained without particles. Hossain [@B126] and Zhang *et al.* [@B127], who studied the effect of bismuth nanoparticles on DNA damage in X-ray and Cs-137 irradiated HeLa cells, respectively, came to similar conclusions - i.e. that NPs enhance DNA damage as measured by comet tail moment. All of these groups assessed the NP-enhanced DNA damage based on the size and moment of the comet tail according to [@B128] and compared the results to samples irradiated without NP. Only Miladi*et al.*[@B125] investigated the effect of NPs with comet assay for more than one dose level. However, no attempt to quantify dose dependency related to NP presence was made.

Gel electrophoresis on plasmid DNA
----------------------------------

A small number of groups have evaluated the radiobiological effect of gold NPs using plasmid DNA [@B129]-[@B132]. This assay allows one to quantify the effect of radiation on basic DNA systems in the presence or not of NPs and is a powerful tool for undertaking mechanistic studies of the process of DNA damage induced by NPs in combination with radiation. On the other hand, the plasmids are very simple systems and, therefore, such structures are quite different from the mammalian cells. DNA damage is generally determined by separating and quantifying different conformations of plasmid DNA through agarose gel electrophoresis. Gel electrophoresis on plasmid DNA is an established technique for quantification of single strand breaks (SSB) and double strand breaks (DSB) in simple biological systems and even though the method is based on a simple biological system, the technique is supported by a robust quantification methodology which has been used and validated with various radiation qualities [@B133], [@B134].

Following such protocols, Butterworth *et al.* [@B129], Brun *et al.* [@B130] and others quantified the strand break formation by calculating the chemical yield (G) based on a target mass consisting of the plasmid DNA, as previously described by Purkayastha *et al.*[@B135]. Specifically, the DNA break (SSB and DSB) yields measured through gel electrophoresis were plotted as a logarithm of the fraction of undamaged supercoiled-DNA (scDNA) as a function of radiation dose and fitting it to a straight line. The radiation yields (G), quantifying the number of breaks per joule of absorbed energy, for single- and double-strand breaks (G(SSB) and G(DSB)), were calculated from the slopes of straight lines. From these values, dose modifying factors (DMF) for given NP concentrations were calculated as a ratio of G values with and without NPs.

Alternative quantification approaches have also been reported. Zheng *et al.* [@B132] evaluated the reported results in terms of quantum yields, *Y*, defined as the number of DNA damages per incident 60 keV electron per DNA molecule. Quantum yields for the induction of SSB and DSB were derived from the initial slopes of the dose response curves with the yield of SSB and DSB measured again through gel electrophoresis. The enhancement due to NPs was quantified as ratio of the SSB and DSB induction probabilities for samples irradiated with and without NPs. Foley *et al.* [@B131], on the other hand, calculated the relative enhancement ratio as a ratio of the percentage of the relaxed DNA in the NP-bound scDNA to that of the relaxed DNA in free scDNA. However, the authors did not specify in their work how the quantities of relaxed DNA were measured.

γ-H2AX and 53BP1
----------------

Response to radiation exposure can be assessed by measuring the yield of induced DNA DSBs and their repair as a function of time by employing immunofluorescence staining of the phosphorylated histone γ ‐H2AX [@B136]-[@B138] and the DNA repair protein 53BP1 [@B139], [@B140]. Phosphorylation of the H2AX histone and recruitment of 53BP1 protein are some of the initial steps in the cell machinery to repair DSBs and the use of fluorescent antibodies allows for formation of detectable (through fluorescence microscopy) *foci* which have been demonstrated to be in 1:1 ratio with the number of DBSs [@B138]. This forms the basis of a sensitive quantitative method for detection of DNA DSBs in mammalian cells [@B141], [@B142]. The assay is also suitable for investigating the DNA repair through monitoring the number of DSBs at different times following irradiation.

Among the reviewed literature (Table [4](#T4){ref-type="table"}), γ-H2AX and 53BP1 assays have both been employed to investigate DNA damage in nanoparticle studies to quantify the yield of DSBs immediately after radiation exposure or at later stages, e.g. 24 or 48 hours post-irradiation. Direct comparison of published results remains difficult due to heterogeneity of approaches such as cell lines, radiation quality, background correction and scoring methods with hard to control automated and manual bias. Some studies have focused on the number of radiation induced lesions by monitoring DSBs shortly after irradiation (mainly 30 minutes or 1 hour [@B46], [@B62], [@B63], [@B143]) whilst others have looked at the residual damage fixing cells after 24 hours post irradiation [@B16], [@B43], [@B56], [@B144]. Results are generally reported in terms of induced number of *foci* (per nucleus per Gy) and consequently the NP enhancement has been expressed as ratio of the number of *foci* (*N* of *FC*) with and without NPs [@B46], [@B56], [@B63]*,*corrected for the relative controls [@B144]. Depending on the objective of the study, the control samples were exposed only to irradiation or to NPs alone. For instance, Chattopadhyay*et al.*[@B46] measured DSB enhancement directly following irradiation as a ratio of *N* of *foci* following X-ray treatment with Au-NPs and control cells treated just with Au-NPs (without X-rays exposure), whilst Ngwa *et al.*[@B144] measured residual γ-H2AX *foci* (24 hour post-irradiation) as a ratio of *foci* in cells incubated with Au-NPs over those without (with both samples being irradiated). When the aim of the study is to quantify the *foci* enhancement due to the presence of NPs, the increase *N* of *foci* in the NP treated samples should be compared to that obtained for untreated samples. The ratio of *N* of *foci* in irradiated treated samples over the *N* of *foci* of irradiated untreated samples assumes that the presence of NPs does not alter the background *N* of *foci*. This assumption may not always be valid.

The vast majority of DNA damage studies [@B16], [@B43], [@B62], [@B63], [@B143] with NPs are reported to selected dose levels, often a single level below 2 Gy and the *N* of *foci* detected is then reported as average *N* of *foci* per cell nucleus per Gy. This is justified by the established direct proportionality between the *N* of DSBs induced and the dose absorbed in the dose range of clinical interest (\<2 Gy). Due to the relatively small amount of NPs involved in these studies, such assumption can be considered valid also for NP treated samples. Although the majority of studies reported focus on the assessment of the extra *N* of *foci* immediately after irradiation (i.e. extra damage caused by the presence of NP) or at later stages (i.e. enhanced unrepaired fraction of DNA damage), significant information could also be drawn from analysing the DNA repair kinetic (i.e. monitoring the reduction in *N* of *foci* as a function of time post irradiation).

The theoretical model, developed to analyse and quantify the mechanism underlying the dynamics of irradiation induced *foci*and its decay, is based on an analytical approach which takes into account the *foci* phosphorylation and de-phosphorylation processes. The function

reported in previous work [@B145], is the product of two terms representing the competitive process of *foci* induction and decay as a function of time (*t*) after an acute irradiation. In the first term of the equation, *A* represents a normalization factor and *B* drives the dynamics of the induction whilst in the second term, *C* represents the amount of simple damage repairable with a fast kinetic (*D*) whilst (*1-C*) represents the more complex type of damage repairable with a slower kinetic with a decay rate *E*. Although repair rates and fraction of complex damage are key parameters to determine the biological outcomes, none of the investigations reported in the literature made an attempt to characterize how the DSBs repair kinetics are influenced by NPs.

Monte Carlo in NP studies
=========================

High-Z NPs potential as dose enhancing agent was initially believed to lie in their higher photoelectric absorption coefficient compared to water or soft tissue. While experimental *in vitro* studies provide evidence of Au-NPs radio-sensitizing properties, there is an apparent disparity between the observed experimental findings and the level of radio-sensitization predicted by mass-energy absorption and NP concentration [@B146]. Macroscopic theoretical predictions based on the ratio of the mass-energy absorption coefficients of gold and soft tissue suggest that following exposure to a keV photon source, the addition of 1% of gold by mass to the tumour would approximately double the dose absorbed [@B11], [@B147]-[@B149]. However, experimental data indicate that much smaller amounts of gold nanoparticle are required to produce effects equivalent to doubling the absorbed dose, highlighting the inadequacy of macroscopic models.

Various methods are available for calculating the dose distribution at micrometre and nanometre level resulting from a given irradiation and NP combination. The majority of theoretical studies investigating radio-sensitizing effects of high-Z nanoparticles make use of Monte Carlo methods to evaluate the dose distributions and predict the enhancement effects. In these methods, individual photon and electron interactions with matter are simulated in a probabilistic manner, based on measured cross-sections for a variety of physical interactions. Modelling all of the interactions of the primary and secondary particles allows to predict accurately dose depositions down to the micrometre and nanometre level. This provides a more realistic description of the impact of the presence of nanoparticles on the dose absorption and offers a powerful tool for assessing the change in biological effectiveness being related to the complexity of DNA lesions.

A variety of dedicated Monte Carlo packages such as EGSnrc [@B150], Geant4 [@B151], PENELOPE, MCNP5, MCNPX and NORTEC have been employed to study high-Z nanoparticle radio-enhancement (Table [5](#T5){ref-type="table"}). These MC simulations were carried out in simplified geometries and provided a pilot set of data in support of high-Z nanoparticle radiotherapy. Apart from the above mentioned discrepancies between theoretical and experimental data, there are also inconsistencies between Monte Carlo studies carried out by different groups. This is mainly due to the complexity of the MC simulations, the strong requirements on accurate input parameters which are often only estimated on the basis of experimental data or replaced by macroscopic approximations and the use of different library data and electron cut-off energy thresholds.

Several MC calculations have been used to calculate the dose enhancement from gold nanoparticles at the macroscopic level (mm to cm scales) in response to clinical X-ray beams (see Table [5](#T5){ref-type="table"}). The dose enhancement effects were characterized by considering numerous physical interactions and quantities, such as photoelectric absorption, properties of secondary electrons ejected from nanoparticles, photoelectric energy conversion, and physical dose ratios between irradiation with and without NPs. These studies included both external (LINACs, kV X-ray sources) and internal (brachytherapy) γ-ray sources. However, not all of the authors used the full photon spectra in their calculations, often simplifying the problem to mono-energetic beams. In these cases the Monte Carlo dose enhancement was defined as the increase of physical dose absorbed by the tumour volume when treated with nanoparticles (without estimation of the biological response) and was determined for various simplified geometries approximating clinical conditions without accounting for the energy deposition at sub-micrometre scales. Macroscopic simulations of coupled photon-electron transport on length scales much larger than an individual cell were performed using MC codes such as EGSnrc [@B147], [@B152], [@B153], Geant4 [@B154], MCNP5 [@B74], [@B155] or MCNPX [@B156] that employ the condensed history electron transport approximation. This technique is adequate for calculating the dose distributions on a macroscopic scale where the discrete energy losses are orders of magnitude larger than the electron binding energies (\>1 keV). For most radiotherapy treatments this is an acceptable approximation, due to the sparsely ionising nature of X-rays and the relative homogeneity of organic matter.

However, it is well established that dose distributions on the microscopic scale can have significant impact on the biological response. For instance, heavy charged particles deliver a highly inhomogeneous distribution of energy on the sub-cellular scale, which leads to much higher probabilities of multiple damage, which, in consequence, may produce complex DSBs and thus enhance cell death [@B157]. Although such dense ionising events are rare in therapies which make use of MV X-rays, the combination of photons with NPs may significantly alter the microscopic and nanoscopic pattern of typical dose distribution obtained with X-ray irradiation. This hypothesis has motivated authors to perform simulations in NP studies using MC codes allowing to set up low energy cut-offs which enable explicit simulation of interactions on a nanoscale level. This type of transport is implemented in tools such as PENELOPE [@B74], NORTEC [@B152] and Geant4-DNA [@B44], [@B86], the latter being of the largest interest. The Geant4-DNA extension has been developed to calculate step-by-step radiation track structures for electrons, protons, alpha particles and heavy ions on a nanometre scale. Therefore, this tool plays a vital role in nano-dosimetry work necessary for simulating the production of DNA double strand breaks. The Geant4-DNA processes are all discrete, thus they simulate explicitly all interactions and use analytical and semi-empirical cross sections which cover the electron energy range from 0.026 eV (corresponding to electron thermalization) up to 10 keV. Although the quality of the model has been experimentally verified for energies down to 1 keV by Incerti *et al.* [@B158], there is little experimental data to confirm its validity below this energy. It should also be noted that the Geant4-DNA toolkit considers particle interactions in a water medium only, due to limited amounts of experimental data for verification and semi-empirical model development. Although water is the primary component of cells, the currently implemented model does not consider the highly scavenging cellular environment.

For doses typically used in radiotherapy, over 99% of the nanoparticles present in a system would not contribute to the dose-modifying effects [@B44] as they would not directly interact with the incoming radiation beam (although all NPs may interfere with cellular processes and therefore indirectly affect the radiation response). This highlights the limitations of averaging the dose-modifying effect over large volumes containing many NPs as it would result in a relatively homogeneous distribution of additional dose spread uniformly across the cell, despite little or no effect would be seen near most NPs and with dramatic dose spikes in the vicinity of the few which do interact with the radiation beam. Therefore, in order to calculate dose enhancement, which in this case refers to the difference in dose with/without NPs to produce a given level of biological effect, rather than the ratio of physical absorbed doses, it is necessary to carry out MC calculations in two stages. In the first (macroscopic) stage of the simulation the X-rays are transported across macroscopic depths (mm to cm) to a location near the target NP in a homogeneous medium where the phase space is determined. In the second (microscopic) stage, the previously generated phase space is used as the source for a new MC simulation to determine the microscopic relevant dosimetric quantities. These quantities together with the macroscopic dose absorption level will determine the cellular radiation response through the use of conventional radiobiological models such as the Local Effect Model (LEM) [@B44]. Such simulations will therefore provide theoretical output which can be cross checked against experimental data. Transition between the macroscopic and nanoscopic levels of simulation is essential in order to ensure that the magnitude of the computed dose enhancement effects is not misrepresented. This is because dose enhancement is very sensitive to beam quality [@B153] and thus it may depend on the specific simulation geometry as well as on the angular component of the microscopic phase space used in the second stage.

Finally, it must be noted that in MC simulations, there are two different types of systematic uncertainties affecting the outcome of the results. The first type of uncertainty is related to limitations of the physical model used to simulate a given physical process. The second type of uncertainty is related to the limitation of the MC method itself. The MC method generally is a numerical approach which is used to simulate the physical world. For an accurate simulation, the particle position and the momentum of each particle must be known with accuracy. Below 1 keV, quantum mechanics becomes more dominant, and the position and the momentum of the particles are not known accurately because of uncertainty principle. MC codes cannot take into account these effects due to the way the numerical method works, therefore these issues may lead to systematic uncertainties.

Discussion
==========

Cell survival is the "gold standard" assay for radiobiology and consequently it has been extensively employed for assessment of the impact of NPs on radiation effects. However, attempts to quantify the enhancement caused by NPs seem to have generated confusion and have led to a multitude of parameters being defined, often with conflicting terminology. Although some of these parameters may be particularly meaningful in elucidating specific underlying mechanistic actions, it is worth stressing that the ICRU recommends considering the whole survival curve rather than single point measurements for the evaluation of changes in biological effectiveness. In this respect, the sensitizer enhancement ratio (SER), defined through the mean dose inactivation (MID), appears to be a suitable approach to provide a single parameter to quantify the impact of NPs on the *in vitro* survival curves. It must be remembered that any quantification is specific for a given experimental setup which includes NP type, concentration, cell line and radiation quality. From the available NP studies, we collected *α* and *β* parameters to explore the relation between the various NP-enhancement factors reported in the literature. Interestingly, there does not appear to be any strong correlation between the different quantification methods currently employed, as evidenced by the poor correlation coefficient shown in Figure [2](#F2){ref-type="fig"}. Such a lack of correlation reflects the fact that each parameter is related to a particular feature of the survival curve and cannot be used as surrogate for any of the other parameters. This further highlights the need for a standardized approach to quantify the radiobiological effect of NPs. Due to the physical and chemical changes at the nanoscale level caused by NPs when exposed to ionizing radiation, it is essential to determine the amount of nanoparticles being absorbed by the cells, as well as their sub-cellular distribution. This is in line with current theranostic strategies targeting specific sub-cellular compartments [@B163]. When possible, radiobiological investigations should be accompanied by quantification of the amount of NPs present in the cells at the time of the radiation exposure. Finally, it is critical to point out that cellular radiation response is the result of complex molecular processes and any agent impinging on such pathways will consequently affect the radiation response. It is therefore necessary to supplement the radiobiological investigations with analysis of the impact of NPs on cellular activities (such as cell cycle) in order to understand the mechanisms regulating radio-sensitization.

With regard to the production of reactive oxygen species, a significant number of studies have used fluorescence assays to provide a relative assessment of the variation of ROS caused by the presence of NPs in the irradiated cells. Using a variety of approaches, authors have usually reported the relative fluorescence values as a ratio of fluorescence of NP treated cells over fluorescence of un-treated cells with both samples being irradiated. Although this parameter may provide indication of the effect caused by NPs, comparison with the fluorescence levels of un-irradiated samples (treated and un-treated with NPs) should also be reported to assess the impact of NPs on the cellular system. This is critical to evaluate possible synergies or simply additive effects between NPs and radiation. Aside from the differences in the technical modalities in which the fluorescence signal has been acquired and measured, there is also a general lack of investigation into the effect as a function of dose. This is based on the assumption of a linear production of ROS as a function of dose which is yet to be validated in presence of NPs. Compared to established radiation chemistry mechanisms, recent investigations [@B164] seem to suggest additional pathways for the formation of ROS in the presence of NPs which could lead to non-linearity in the yield of ROS as a function of dose. Reports of the relative fluorescence at different dose levels would therefore be advocated. In general, no rigorous ROS quantification in absolute terms is possible using fluorescence assays in cells [@B107] and relative assessments suffer from lack of recommendation on the fluorescence measurements, as well as guidance for the comparison with control samples.

The coumarin assay would appear to be a more robust methodology for quantifying the hydroxyl radical in bulk solutions. Although precautions need to be taken in either removing the NPs before the coumarin intensity measurements or accurately estimating its quenching effect. Adaptation of the established coumarin assay to use with NPs represents a potentially powerful method for investigating the radiation chemistry mechanisms which underpin the radiobiological response with NPs. The assay also offers the possibility of absolute quantification of the yield of OH radicals being produced, though this requires detailed knowledge of the impact of NPs on the coumarin-OH affinity, which is likely to depend on the NP type.

Assessment of DNA damage is a key aspect of any mechanistic radiobiological investigation and several established assays have been used for NP studies. Although qualitative indications can be drawn from the comet assay, no attempts have so far been made to quantify the nanoparticle mediated enhancement factor in terms of total amount of DNA damage in any of the reported studies. This is primarily due to the difficulties in extracting robust quantitative information regarding the number of DNA breaks from the comet assay [@B131] and the lack of validation of the technique for use with NPs (i.e. impact of NPs on DNA migration fluorescence readout in electrophoresis). Gel electrophoresis on plasmid DNA, on the other hand, is an established technique for quantification of SSBs and DSBs in simple biological systems. Even though the method is based on a simple biological system, the technique is supported by a robust quantification methodology which has been used and validated with various radiation qualities. Extrapolation to cellular environment may not be straightforward but this technique could be valuable for elucidating mechanistic processes. Finally, immunofluorescence assays can provide key information on both the rate of DNA breaks and repair. The main limitations of such assays lay in the scoring process, which strongly depends on the imaging setup (i.e. issue with 3D scoring and *foci* overlap) and the operator skills and expertise with automated systems still not fully validated and manual *foci* scoring is subject to bias and objective interpretation. Adaptation of such assays to NP studies appear to be straightforward and quantification of the NP effect could be extracted based on the number of *foci* detected (i.e. DNA DSBs) both in terms of damage induced and residual. The assay could also provide insights on the impact of NPs on the efficiency of the DNA repair pathways by using established repair kinetic models.

Finally, the use of Monte Carlo simulations is a unique powerful tool to investigate the changes in spatial distribution of dose deposition induced by NPs down to the nanometre scale (i.e. DNA level). This is a fundamental aspect in understanding if and how NPs alter the biological effectiveness of the incident radiation. Such simulations can generate useful micro-dosimetric parameters which should then be cross-checked against experimental data through established radiobiological models. Although Monte Carlo codes have been extensively benchmarked and validated for conventional dosimetry purposes, application to very low energy thresholds and nanometre scale levels are still subjected to potentially large uncertainties. Furthermore, detailed representation of the radiation source and samples (i.e. NP geometry, composition, environment etc.) is essential for accurate estimation of the physical processes. Such information may not always be available.

In conclusion, a wide range of experimental and theoretical tools are available to assess the radiobiological impact of NPs and have been employed to generate a substantial amount of data. However, data reported in the literature highlight the difficulty in identifying suitable parameters for quantification of the NP mediated effect and confusion owing to lack of recommendations and standardization of approaches. The present review aims to summarise methods employed so far, pointing out their strengths and limitations for the establishment of a dedicated methodology suitable to quantitatively investigate the unique radiobiological properties of high-Z nanoparticles, i.e. radiosensitizers and radiation modifiers.
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###### 

Overview of modification enhancement ratios used in nanoparticle studies.

  ---------------------------------------------------------------------------------------------------------------------
  Cell line     Radiation source                NP material (size)         Enhancement factor used          Reference
  ------------- ------------------------------- -------------------------- -------------------------------- -----------
  GES-1\        4 MeV electrons                 DOC-NP\                    REF = D~0,NP~/ D~0,Cont~\        \[58\]
  BGC823\                                       (85 nm)                    multi-target single hit model\   
  SGC7901\                                                                 (but referred to as SER)         
  MKN45                                                                                                     

  MDA-MB-231\   225 kVp X-rays                  Au-NP\                     DEF~2Gy~\                        \[56\]
  DU-145\                                       (1.9 nm)                   DEF~4Gy~\                        
  T98G                                                                     DEF~8Gy~                         

  DU-145\       160 kVp X-rays                  Au-NP\                     DEF~2Gy~                         \[62\]
  MDA-231-B\                                    (1.9 nm)                                                    
  MCF-7\                                                                                                    
  L-132\                                                                                                    
  T98G\                                                                                                     
  AGO-1522B                                                                                                 

  HeLa          Co-60                           Au-NP\                     RER~2Gy~\                        \[59\]
                                                (50 nm)                    (but referred to as DEF~2Gy~)    

  HeLa          105 kVp X-rays\                 Au-NP\                     DMR~10%~\                        \[17\]
                220 kVp X-rays\                 (14, 50,74 nm)             (but referred to as REF)         
                Cs-137\                                                                                     
                6 MV X-rays                                                                                 

  RT112         250 kVp X-rays\                 Au-NP\                     DMR~50%~\                        \[47\]
                3 MeV protons                   (50 nm)                    (but referred to as SER)         

  MDA-MB-23     160 kVp X-rays                  Au-NP\                     α, β - qualitative analysis      \[44\]
                                                (1.9 nm)                                                    

  MDA-MB-23     225 kVp X-rays                  Au-NP\                     DMR~10%~\                        \[41\]
                                                (2.7 nm)                   (but referred to as DEF)\        
                                                                           α, β - qualitative analysis      

  MDA-MB-23\    160 kVp X-rays                  Au-NP\                     SER\                             \[36\]
  DU145                                         (1.9 nm)                   α, β - qualitative analysis      

  DU145\        160 kVp X-rays\                 Au-NP\                     SER\                             \[16\]
  MDA-MB-23\    6 MV X-rays\                    (1.9 nm)                   α, β - qualitative analysis\     
  L132          15 MV X-rays                                               SF~4~                            

  MDA-MB-23     6 MV X-rays\                    Au-NP\                     SER                              \[37\]
                15 MV X-rays                    (1.9 nm)                                                    

  DU145\        160 kVp X-rays                  Au-NP\                     RER~3Gy~\                        \[54\]
  MDA-MB-23\                                    (1.9 nm)                   (but referred to as SER)         
  L132                                                                                                      

  BAECs         80 kVp X-rays\                  Au-NP\                     DMR~90%~\                        \[49\]
                150 kVp Xrays\                  (1.9 nm)                   (but referred to as DEF)         
                6 MeV\                                                                                      
                12 MeV                                                                                      

  CT26          synchrotoron X-ray\             Au-NP\                     SF~3~                            \[55\]
                6 MeV electrons                 (2 nm)                                                      

  F98           50 keV synchrotoron X-ray       Au-NP\                     DMR~10%~\                        \[45\]
                                                (1.9, 15 nm)               (but referred to as SER~10%~)    

  MDA-MB-361    100 kVp X-rays                  Au-NP                      DMR~10%~\                        \[46\]
                                                                           (but referred to as DEF)         

  HeLa          Co-60\                          Glu-Au-NP\                 DMR~90%~\                        \[50\]
                62 MeV carbon ions              (4 - 14 nm)                (but referred to as REF)         

  SNB-19\       MeV photons (LINAC)             Ti-NP\                     SF~2~\                           \[43\]
  U87MG                                         (10 nm)                    α, β - qualitative analysis      

  BAOEC         30-100 keV synchrotron X-rays   Au-NP\                     DMR~90%~\                        \[42\]
                                                (1.9 nm)                   (but referred to as DEF)\        
                                                                           α, β - qualitative analysis      

  HeLa          Cs-137                          PEG-Au-NP (4.8 - 47 nm)    DMR~50%~\                        \[48\]
                                                                           (but referred to as REF)         

  A549          6 MV X-rays                     Glu-Au-NP (13 nm)          SER                              \[38\]

  HT1080        Co-60\                          NBTXR3-NP (50 nm)          DEF~4Gy~ DEF~8Gy~                \[57\]
                6 MV X-rays                                                                                 

  GBM           150 kVp X-rays                  Au-NP\                     RER~4Gy~\                        \[60\]
                                                (12 nm)                    (but referred to as SER)         

  U87           Cs-137                          Gd~2~O~3~-NP (sub-10 nm)   SF~2~\                           \[63\]
                                                                           SF~5~\                           
                                                                           SF~8~                            

  Panc1         220 kVp\                        AGuIX-NP                   SER\                             \[61\]
                6 MV X-rays                                                (but referred to as DEF)\        
                                                                           DMR~20%~\                        
                                                                           (but referred to as DEF~20%~)\   
                                                                           RER~4Gy~\                        
                                                                           (but referred to as SER~4Gy~)    

  U87           Cs-137                          BSA-Au-NP\                 DEF~2Gy~\                        \[64\]
                                                (18 nm)                    (but referred to as SER~2Gy~)    

  MDA-MB-231    6 MV                            Glu-Au-NP\                 SER                              \[40\]
                                                (16 nm)                                                     

  PC3           6 MV                            PEG-Au-NP\                 DMR~20%~\                        \[65\]
                                                (\~30 mm)                  (but referred to as REF)         
  ---------------------------------------------------------------------------------------------------------------------

###### 

Methods used in the literature for assessment of NP uptake, intracellular distribution and cell cycle.

  Ref.     NP uptake assessment   Quantification of uptake                      Intracellular distribution/localization   Cell cycle assessment
  -------- ---------------------- --------------------------------------------- ----------------------------------------- -----------------------
  \[73\]   ICP-AES                pg/cell                                       TEM                                       Flow cytometry
  \[65\]   ICP-MS                 Relative concentration of internalized gold   TEM                                       n/a
  \[41\]   ICP-AES                pg/cell                                       TEM                                       n/a
  \[36\]   ICP-AES                \# of NP/cell                                 TEM                                       n/a
  \[63\]   ICP-OES                pg/cell                                       TEM                                       n/a
  \[37\]   ICP-AES                \# of NP/cell                                 TEM                                       Flow cytometry
  \[82\]   n/a                    n/a                                           TEM                                       n/a
  \[79\]   ICP analysis           \# of NP/cell                                 TEM                                       n/a
  \[71\]   ICP-MS                 \# of NP/cell                                 n/a                                       Flow cytometry
  \[83\]   n/a                    n/a                                           TEM                                       n/a
  \[80\]   ICP-MS                 \# of NP/cell                                 TEM                                       n/a
  \[84\]   n/a                    n/a                                           TEM                                       n/a
  \[48\]   n/a                    n/a                                           TEM                                       n/a
  \[50\]   n/a                    n/a                                           TEM                                       n/a
  \[59\]   ICP-AES                \# of NP/cell                                 n/a                                       n/a
  \[81\]   ICP-AES                \# of NP/cell                                 n/a                                       Flow cytometry

###### 

Overview of ROS fluorescence measurement in NP studies.

  ---------------------------------------------------------------------------------------------------------------------------------------
  Probe                                        Intensity measurement method   NP effect quantification method                 Reference
  -------------------------------------------- ------------------------------ ----------------------------------------------- -----------
  APF\                                         Microplate reader              I~NP+Ir~/ I~Irr~                                \[114\]
  (λ~ex~= 490 nm,\                                                                                                            
  λ~em~ = 515 nm)\                                                                                                            
  for detection of ^‑^OH radical.\                                                                                            
  DHE\                                                                                                                        
  (λ~ex~= 465 nm,\                                                                                                            
  λ~ex~ =585 nm)\                                                                                                             
  for detection of singlet oxygen (^1^O~2~).                                                                                  

  **DCF-**DA\                                  Flow cytometry                 I~NP+Irr~/ I~Control~                           \[62\]
  (λ~ex~= 518 nm,\                                                                                                            
  λ~em~ = 605 nm)                                                                                                             

  **DCF-**DA\                                  Fluorimeter                    I~NP+Irr~/ I~Control~\                          \[94\]
  (λ~ex~= 480 nm,\                                                            using a bespoke control solution                
  λ~em~ = 520 nm)                                                                                                             

  **DCF-**DA\                                  Spectrofluorometer             I~NP+Irr~/ I~Control~                           \[102\]
  (λ~ex~= 480 nm,\                                                                                                            
  λ~em~ = 500-700 nm)                                                                                                         

  **DCF-**DA\                                  Confocal microscope            I~NP+Irr~/ I~Control~                           \[81\]
  (λ~ex~= 480 nm,\                                                                                                            
  λ~em~ = 500-700 nm)                                                                                                         

  **DCF-**DA\                                  Not stated                     Qualitative comparison of I~NP+Irr~ and I~NP~   \[88\]
  Wavelength not specified                                                                                                    

  **DCF-**DA\                                  Flow cytometry                 I~NP+Irr~/ I~Irr~                               \[54\]
  Wavelength not specified                                                                                                    

  **DCF-**DA\                                  Flow cytometry                 I~NP+Irr~/ I~Control~\                          \[58\]
  Wavelength not specified                                                    I~NP~/ I~Control~\                              
                                                                              I~Irr~/ I~Control~                              

  **DCF-**DA\                                  Spectrofluorometer             I~NP+Irr~/ I~Control~                           \[103\]
  (λ~ex~= 480 nm,\                                                                                                            
  λ~em~ = 500-700 nm)                                                                                                         

  **DCF-**DA\                                  Microplate reader              I~NP+Irr~/ I~Control~\                          \[115\]
  (λ~ex~= 492-495 nm,\                                                        I~NP+Irr~/ I~Irr~                               
  λ~em~ = 517-527 nm)                                                                                                         
  ---------------------------------------------------------------------------------------------------------------------------------------

###### 

Nanoparticle studies employing γ-H2AX and 53BP1 assays. In the "quantification of enhancement column" FC stands for "N of foci" and the subscript indicates: "NP+Irr" = irradiated samples treated with NPs, "NP" = un-irradiated samples treated with NPs, "Irr" = irradiated samples without NPs and "Cont" = un-irradiated samples without NP.

  Dose         Quantification of enhancement         Method of scoring                Time of fixing after radiation   Dynamics evaluated   Ref.
  ------------ ------------------------------------- -------------------------------- -------------------------------- -------------------- ---------
  0 - 1.1 Gy   FC~NP+Irr~/ FC~Cont~                  Information not provided         24 h                             No                   \[144\]
  5 Gy         FC~NP+Irr~/ FC~Cont~                  *ImageJ*free macro               1 h                              No                   \[63\]
  2 Gy         Qualitative *foci* level comparison   Information not provided         1 h                              No                   \[143\]
  1 Gy         Qualitative *foci* level comparison   Information not provided         30 min                           No                   \[62\]
  0.5 Gy       FC~NP+Irr~/ FC~Cont~                  Customised *ImageJ* macro        30 min                           No                   \[46\]
  2 Gy         Qualitative *foci* level comparison   Information not provided         1 h, 24 h                        No                   \[43\]
  2 Gy         FC~NP+Irr~/ FC~Cont~                  Manually under microscope view   1 h, 24 h                        No                   \[56\]
  1 Gy         Qualitative *foci* level comparison   Information not provided         1 h, 24 h                        No                   \[16\]

###### 

Monte Carlo studies on radiation therapy enhancement by high-Z nanoparticles. In the "Dose enhancement" column ![](thnov06p1651i011.jpg) stands for MC-calculated absorbed dose by the tumour treated with NPs while ![](thnov06p1651i012.jpg) represents the absorbed dose in the tumour without NPs.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  MC code (electron cutoff energy)   Radiation\           Simulation type                                                Medium                                Dose enhancement                                                                      Reference
                                     &\                                                                                                                                                                                                              
                                     (Nanoparticle)                                                                                                                                                                                                  
  ---------------------------------- -------------------- -------------------------------------------------------------- ------------------------------------- ------------------------------------------------------------------------------------- -----------
  Geant4-DNA                         80 kVp\              Step-by-step, all interactions simulated explicitly            Water, Au                             ![](thnov06p1651i013.jpg)                                                             \[86\]
                                     6 MV\                                                                                                                                                                                                           
                                     (Au-NP)                                                                                                                                                                                                         

  MCNP5\                             300 kVp\             MCNP5: condensed histories method\                             ICRU four-component soft tissue,\     ![](thnov06p1651i014.jpg)\                                                            \[74\]
  (1 keV)\                           6 MV\                PENELOPE: step-by-step simulations                             Au                                    No control samples were simulated but energy deposition compared for different NPs    
  PENELOPE 2008.1\                   ^169^Yb, ^192^Ir\                                                                                                                                                                                               
  (50 eV)                            (Au-NP)                                                                                                                                                                                                         

  EGSnrc\                            ^125^I\              EGSnrc: condensed history method\                              Water                                 ![](thnov06p1651i015.jpg)                                                             \[152\]
  NORTEC\                            ^103^Pd\             NORTEC: step-by-step simulations (electron step size \<1 µm)                                                                                                                               
  (7.4 eV)                           ^169^Yb, ^192^Ir\                                                                                                                                                                                               
                                     50 kVp\                                                                                                                                                                                                         
                                     6 MV\                                                                                                                                                                                                           
                                     (Au-NP)                                                                                                                                                                                                         

  PENELOPE                           200 kVp\             Step-by-step simulations                                       Water with (Hafnium oxide -NP)        ![](thnov06p1651i016.jpg)                                                             \[57\]
                                     1 MV\                                                                                                                                                                                                           
                                     6 MV\                                                                                                                                                                                                           
                                     (Hafnium oxide-NP)                                                                                                                                                                                              

  Geant4-DNA                         20-150 kVp\          Step-by-step simulations                                       Water, Au                             Relative Biological Effectiveness (RBE) calculated through Local Effect Model (LEM)   \[44\]
                                     160 kVp\                                                                                                                                                                                                        
                                     (Au-NP)                                                                                                                                                                                                         

  MCNPX v.2.6.0 (1 keV)              50-120 keV\          Condensed histories method                                     Water, Au                             ![](thnov06p1651i017.jpg)                                                             \[156\]
                                     Co-60\                                                                                                                                                                                                          
                                     6 MV\                                                                                                                                                                                                           
                                     18 MV\                                                                                                                                                                                                          
                                     (Au-NP)                                                                                                                                                                                                         

  Geant4\                            68 kVp\              Condensed histories method                                     Water, Au                             ![](thnov06p1651i018.jpg)                                                             \[159\]
  (250 eV)                           82 kVp\                                                                                                                                                                                                         
                                     2 MV\                                                                                                                                                                                                           
                                     (Au-NP)                                                                                                                                                                                                         

  Geant4                             ^192^Ir\             Condensed histories method                                     Water, Au                             ![](thnov06p1651i019.jpg)                                                             \[160\]
                                     (Au-NP)                                                                                                                                                                                                         

  Geant4\                            \                    Condensed histories method                                     Water, Au                             ![](thnov06p1651i020.jpg)                                                             \[154\]
  (250 eV)                           20 kVp\                                                                                                                                                                                                         
                                     100 kVp\                                                                                                                                                                                                        
                                     (Au-NP)                                                                                                                                                                                                         

  MCNP5\                             ^125^Ir\             Condensed histories method                                     ICRU four-component soft tissue, Au   ![](thnov06p1651i021.jpg)                                                             \[155\]
  (1 keV)                            50 kVp\                                                                                                                                                                                                         
                                     ^169^Yb\                                                                                                                                                                                                        
                                     (Au-NP)                                                                                                                                                                                                         

  Geant4                             50, 250 keV,\        Condensed histories method                                     Water, Au                             ![](thnov06p1651i022.jpg)                                                             \[161\]
                                     1, 4 MeV\                                                                                                                                                                                                       
                                     Electrons\                                                                                                                                                                                                      
                                     (Au-NP)                                                                                                                                                                                                         

  EGSnrc\                            40 kVp\              Condensed histories method                                     Water, Au                             ![](thnov06p1651i023.jpg)                                                             \[153\]
  (1 keV)\                           100 kVp\                                                                                                                                                                                                        
  Geant4\                            1000 kVp\                                                                                                                                                                                                       
  (250 eV)                           6 MV\                                                                                                                                                                                                           
                                     (Au-NP)                                                                                                                                                                                                         

  EGSnrc\                            140 kVp\             Condensed histories method                                     ICRU four-component soft tissue, Au   ![](thnov06p1651i024.jpg)                                                             \[147\]
  (10 keV)\                          4 MV\                                                                                                                                                                                                           
  MCNP5\                             6 MV\                                                                                                                                                                                                           
  (1 keV)                            ^125^Ir\                                                                                                                                                                                                        
                                     (Au-NP)                                                                                                                                                                                                         

  Not stated                         100 kVp              Not stated                                                     Water, Au                             Enhancement factor reported, but no details provided                                  \[162\]
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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